Using density functional theory we show that the magnetic coupling of Mn atoms in the nanowires, unlike that in the thin film, is ferromagnetic. This ferromagnetic coupling, brought about due to the confinement of electrons in the radial direction and the curvature of the Mn-doped GaN nanowires' surface, is mediated by N as is evidenced from the overlap between Mn 3d and N 2p states. Calculations of the anisotropic energy further show that the magnetic moment orients preferably along the 10 10 direction while the wire axis points along the 0001 direction.
Using density functional theory we show that the magnetic coupling of Mn atoms in the nanowires, unlike that in the thin film, is ferromagnetic. This ferromagnetic coupling, brought about due to the confinement of electrons in the radial direction and the curvature of the Mn-doped GaN nanowires' surface, is mediated by N as is evidenced from the overlap between Mn 3d and N 2p states. Calculations of the anisotropic energy further show that the magnetic moment orients preferably along the 10 10 direction while the wire axis points along the 0001 direction. DOI Recently there has been considerable interest in the study of dilute magnetic semiconductors (DMS) as these represent a unique class of systems where both the charge and spin of the electron can be manipulated simultaneously. Numerous investigations carried out on Mn-doped GaN [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] have led to conflicting results. While some experiments find the materials to be ferromagnetic (FM) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , others suggest antiferromagnetic (AFM) or spin glass behavior. Among those who find Mn-doped GaN to be ferromagnetic, there is no unanimous agreement concerning the Curie temperature as the reported values range from 10 K to about 945 K. It is widely believed that sample conditions are important, and structural defects as well as secondary phases which commonly exist in thin films may be responsible for these different results.
With the advancement of experimental techniques, it has recently been possible to synthesize low-dimensional GaN-based nanostructures including nanowires and nanorods. Potential applications of these one dimensional semiconductors in lasers, transistors, and spintronics devices [20, 21] also have fueled much of the current interest in this field. Since the first synthesis of the GaN nanowire using a carbon-nanotube-confined reaction [22] , many efforts have been devoted to developing different methods for synthesizing GaN nanowires [23] [24] [25] [26] [27] [28] . Most recently, three groups have succeeded in synthesizing single-crystalline Mn-doped GaN nanowires free of defects with diameters ranging from 10 -100 nm and of lengths up to tens of micrometers [29] [30] [31] . More importantly, Mn-doped GaN nanowires have been found to be ferromagnetic up to 300 K and exhibit negative magnetoresistance. Thus, they represent an important class of nanometer-scale building blocks for miniaturized electronic devices with interesting electronic, optoelectronic, and magnetoelectronic properties.
A fundamental understanding of the low-dimensional FM semiconductor nanostructures is crucial for the development of spintronics devices. For example, it is important to know the sites Mn atoms occupy, how these sites are distributed, how the magnetic coupling between the Mn atoms depend on this distribution, and how these differ from Mn-doped GaN thin film. In this Letter we provide the first theoretical study of the magnetic properties of Mn-doped GaN nanowires having diameters of 1.00 nm and 0.45 nm. Note that these diameters are smaller than those synthesized experimentally (namely 10 -100 nm). Since first principles calculations of wires with 10 -100 nm diameters are computationally impossible, the present results can demonstrate the role of surface curvature and the radial confinement of the electrons on magnetism.
The GaN nanowire of 1.0 nm diameter has been generated from a bulk GaN (7 7 2) supercell having the wurtzite structure by cutting the outside part of the circled area in Fig. 1(a) along the 0001 direction. The supercell consists of 96 atoms (Ga 48 N 48 ) and has about 12 Å vacuum space along the 10 10 and 01 10 directions to prevent the nanowire to interact with its image. The nanowire has infinite length along the 0001 direction, as shown in Fig. 1(b outer and inner surface layers of the wire. These configurations simulate different Mn-Mn and Mn-N distances as well as Mn-N-Mn bond angles. These are shown in Fig. 2 .
For each of these configurations we computed the total energies corresponding to both FM and AFM alignments of the Mn spins. From the total energy minima we not only determine the preferred sites Mn atoms would occupy but also their preferred magnetic coupling. The atomic coordinates of all the atoms in the supercell were optimized without any symmetry constraint. We began with a study of the relaxation of the atoms in the nanowire without Mn incorporation. The effect of Mn doping on the magnetic properties was then calculated by first keeping the nanowire in the unperturbed bulk geometry and then by allowing all the atoms including Mn to relax. This allows us to comment on the effect of atomic relaxation on the magnetic coupling. The calculations were carried out using the Vienna Ab initio Simulation Package (VASP) and density functional theory [32] . The exchange and correlation potentials were calculated by using the generalized gradient approximation (GGA). We have used PW91 form [33] for the GGA. We used a plane-wave basis set and the projector augmented wave (PAW) potentials [34] for Ga, Mn, and N. The energy cutoff was set to 300 eV. The convergence in energy and force was set as 10 ÿ4 eV and 10 ÿ3 eV= A, respectively.
We first discuss the atomic relaxation in the pure nanowire calculated by full geometry optimization of the Ga 48 N 48 supercell. The total energy of the relaxed cell was found to be 10.628 eV lower than the unrelaxed one, corresponding to an energy gain of 0:221 eV=Ga-N dimer. The relaxed Ga-N bond length on the outermost surface layer along 0001 direction is 1.869 Å , which contracted by ÿ5:89% compared with the bulk GaN while those in the inner two layers are 1.974 Å and 1.981 Å leading to a contraction of ÿ0:6% and ÿ0:05% respectively. The Ga-N bond which forms a zigzag chain on the outermost surface (approximately along 01 10 direction) changes from 1.930 Å to 1.891 Å , corresponding to a contraction of ÿ2:02%. The corresponding angles change from N-Ga-N Ga-N-Ga 108:40
to N-Ga-N 118:34 and Ga-N-Ga 105:93 . The relaxations of the atoms in the inner sites are much smaller than those on the outermost surface layer. The nature of bond length contraction in the nanowire is similar to GaN 11 20 surface where Ga-N bond lengths contracted by ÿ1:76% and ÿ5:35% on the surface layer along 10 10 and 0001 directions, respectively [35] .
The total electronic density of states (DOS) for spin-up and spin-down electrons corresponding to the pure GaN nanowire is plotted in Fig. 3(a) . The Fermi level lies in the gap region. The DOS curves for spin-up and spin-down are completely symmetric, suggesting that the pure wire is nonmagnetic. In Table I we present the main results of our work concerning the Mn doping for all the six configurations. In the fourth column we list the relative energies " corresponding to all the six configurations of Mn measured with respect to the ground state configuration. The distances between the Mn atoms and those between Mn and nearest N atom as well as the magnetic moments at the Mn and mediating N sites are presented in the last five columns of Table I . For each configuration we also list the energy difference E between the AFM and FM states (see column III). To study the effect of atomic relaxation on the magnetic coupling, we also list the results obtained by not allowing the system to relax (column II). Note that with the exception of configuration III, the energy difference between the FM and AFM states have the same sign whether or not the atomic relaxations were included. The negative energy means that the AFM state is lower in energy. It is apparent that the Mn atoms have a clear preference for the outermost surface sites over the interior sites since the relative energy " markedly increases when Mn atoms occupy the inner sites of the supercell.
We see that the FM state of configuration V has the lowest energy with its AFM state lying 0.075 eV above the 20 GaN thin film (which is AFM) they are 2.978 Å and 1.822 Å , respectively [36] . It is interesting that the Mn-N distances in configurations II and III (which are AFM) are also less than 1.82 Å (see Table I ). All these results have one common feature: the configurations are FM when the Mn-N distance exceeds some critical value.
To gain further insight into the origin of FM coupling in Mn-doped GaN nanowire we plot in Fig. 3(b) the total DOS of Ga 46 Mn 2 N 48 supercell. Note that the Fermi energy passes through the gap in the spin-down DOS and the system behaves as half-metallic. The role of N in mediating the magnetic coupling between Mn atoms can be seen from Fig. 3(d) where the N 2p states overlap with the Mn 3d states. We see from Fig. 3(c) that much of the contribution to the magnetic moment comes from the Mn 3d electrons. The impurity states of doped Mn are in the gap region and are indicators of a double exchange mechanism [37, 38] . This character is further confirmed from the DOS overlap in Fig. 3(d) and charge overlap between Mn-3d and N-2p orbitals. The Mn atoms are aligned ferromagnetically. Because of the different distances between the Mn atoms from the mediating N atom, the two Mn atoms are not equivalent and carry slightly different magnetic moment, namely 3:49 B and 3:25 B . The magnetic moment at the N site linking the two Mn atoms is aligned antiferromagnetically to that of the Mn atoms. The moment at the N atom, however, is quite small, namely ÿ0:114 B . This feature was also seen Mn 2 N cluster where the two Mn atoms are coupled ferromagnetically while they are antiferromagnetically coupled to N [39] . The interaction of Mn with N is also confirmed from the charge density distribution in the Mn-N-Mn plane. We found that the charge buildup along the Mn-N-Mn bonds is much larger than that along the Ga-N-Ga bond. Consequently, the FM coupling between the two Mn atoms is mediated via the N atom. Since the two Mn atoms are not equivalent they carry different magnetic moments as well as charge. We thus ascribe the magnetism in Mn-doped GaN nanowire to be due to a double exchange mechanism, as is the case with Mn-doped GaN bulk [37, 38, 40, 41] .
Our results in Table I also help to shed light on the preferred distribution of Mn in GaN nanowire. Note that the energies of configurations IV and VI differ little from that of the ground state configuration V. All these configurations are FM with Mn-Mn distances ranging from 2.97 Å to 5.19 Å . We also note that among the six configurations studied, four exhibit FM while the other two exhibit AFM coupling. The Mn-Mn distances in the antiferromagnetically coupled configurations are always smaller than those in the FM configurations. The fact that the low energy configurations are FM where Mn atoms occupy different sites indicates that clustering is not associated with the FM coupling in the nanowire. To obtain the preferred direction of the magnetic alignment we have calculated the magnetic anisotropic energy with two Mn magnetic moments oriented along 10 10, 0001, and 01 10 directions. The magnetic alignment along the 10 10 direction in the wire is found to be 3.2 meV and 1.8 meV lower in energy than that along the 0001 and 01 10 directions, respectively. These energies are comparable to the values for Fe 2 molecule [42] .
To study the effect of the wire diameter on the magnetic properties of Mn-doped GaN nanowire, we performed the calculations for the thinnest GaN nanowire which has been created from a wurtzite GaN 5 5 4 supercell by cutting the part outside of the innermost hexagonal unit along 0001 direction. The corresponding supercell consists of 48 atoms (Ga 24 N 24 ) with a diameter of 0.45 nm and a length of 2.1 nm (as shown in Fig. 4) . A vacuum space of 12.68 Å along both 10 10 and 01 10 directions in the TABLE I. The energy difference E 0 (E) between AFM and FM states (E E AFM ÿ E FM in eV) without (with) structure relaxation, the relative energy " (eV) calculated with respect to the ground state (configuration V), the optimized Mn-N and Mn-Mn distances (Å ), and the magnetic moments ( B ) at each Mn and its nearest neighbor N atoms for the configurations given in Fig. 2 .
Configs. supercell separates the wires from each other. The nanowire generated has infinite length along the 0001 direction. It is interesting to note that the surface of this thinnest wire consists of three hexagons, very similar to the zigzag 3; 0 carbon nanotube. To check the magnetic coupling between Mn atoms, we have also replaced two of the Ga atoms with Mn for four different configurations: 0; 1, 0; 2, 0; 3, and 0; 4 as shown in Fig. 4 , labeled, respectively, as configurations I, II, III, and IV in Therefore, in 1D system the wire thickness can be used to control the magnitude of the magnetic moment. In summary, we show that the magnetic coupling between Mn atoms in GaN can be altered by suitably selecting the dimensionality of the system. In one-dimensional Mn-doped GaN nanowire, the special topology of the surface and the confinement of electrons in the radial direction drive the coupling to be ferromagnetic while in thin films the Mn atoms couple antiferromagnetically. In addition, the magnitude of the magnetic moments can be tuned by changing the wire thickness. The flexibility of both controlling the magnetic coupling and magnetic moment by choosing the dimensionality and the size of the wire may be useful in practical applications.
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